The genus Centaurea L. is one of the largest genera in the family Asteraceae. The number of taxa included in this genus ranges from 500 to 600 worldwide. Iran is one of the major centers of diversity for this genus. Pollen morphology has proved useful in the systematics of Asteraceae, as well as in that of some of its genera and species. The pollen morphology of 19 taxa of the genus Centaurea was investigated in detail by light and scanning electron microscopy. Examination under light microscopy showed pollen grains to be tricolporate, isopolar, radially symmetrical, oblate spheroidal, prolate spheroidal, subprolate, tectum perforate and scabrate. Based on the exine ornamentation observed under scanning electron microscopy, we identified two types of pollen grains, designated type I (dense acute spinules) and type II (sparse spinules). All of the taxa evaluated resemble Wagenitz's Jacea type. We present micrographs of pollen grains, together with descriptions of the characteristics of their structure. We found that the pollen characters (shape, exine structure, sculpturing) were useful for classification.
Introduction
The genus Centaurea L. (Asteraceae) is represented by 500-600 taxa worldwide (Rendle 1976; Heywood 1979; Hickey & King 1981) and occurs primarily in Asia, Europe, North Africa and North America (Davis et al. 1988) . In Iran, the genus is highly (42.35%) endemic (Wagenitz 1980) . Of the 86 Centaurea taxa in Iran, 36 are endemic to the country (Ghahreman & Attar 1999) . The high level of endemism of Centaurea in Iran supports the assertion that the country is one of the major centers of diversity for the genus (Wagenitz 1986) .
Pollen morphology has been proved to be useful in the systematics of the Asteraceae family, as well as that of some of its genera and species (Moore et al. 1991) . Wagenitz (1955) divided the genus Centaurea into eight subgenera, on the basis of exine structure and sculpturing: Serratula, Centaurium, Scabiosa, Crupina, Jacea, Dealbata, Montana and Cyanus. Villodre & Garcia-Jacas (2000) stated that pollen type is one of the most reliable characteristics for establishing phylogeny in the Jacea group. There have been only a few studies employing light microscopy (LM) or scanning electron microscopy (SEM) to evaluate the pollen morphology of Centaurea species Celik et al. 2005; Celik et al. 2008; Özler et al. 2009; Jafari & Ghanbarian 2007) , none of which were conducted in Iran. Therefore, the present survey aims to present detailed quantitative and qualitative data on the pollen morphology of the genus, as well as to evaluate the taxonomic value of those data.
Material and methods
We employed LM and SEM in order to conduct palynological studies of 19 species of the genus Centaurea belonging to four sections (Wagenitz 1980 (Table 2-4) . Characters were selected on the basis of those reported in the literature (Özler et al. 2009; Zamani et al. 2010 ) and our own observations of Centaurea species. Pollen obtained from flower buds at anthesis was prepared for LM according to Wodehouse (1935) and Erdtman (1960) . The LM observations of acetolyzed pollen grains were made with an Olympus binocular microscope at 1000× magnification. Acetolyzed pollen grains were observed and measured with ImageTool software, version 3 (UTHSCSA, Texas, USA). Measurements are scored for at least 20-25 mature pollen grains per specimen.
For SEM, after acetolysis, the specimens were mounted on 12.5 mm diameter aluminum stubs and sputter-coated with approximately 25 nm of gold-palladium. The specimens were examined and photographed with a scanning electron microscope (XL30; Philips, Eindhoven, The Netherlands) at an accelerating voltage of 20 kV. The terminology follows mainly Ertdman (1952) and Halbitter et al. (2007) . We analyzed a total of 19 taxa belonging to the genus Centaurea. Among such taxa, the exine sculpture is reportedly scabrate when the sculpturing elements are less than 1 μm and microechinate when they are 1-2 μm (Wagenitz 1955) .
Results
All of the morphological parameters investigated are shown in table 2-4 and in fig. 1-75 . Under LM, the pollen grains are isopolar, radially symmetrical, oblate spheroidal, prolate spheroidal and subprolate. Their apertures are tricolporate. In the polar view, pollen grains are circular and the colpi are acute at both ends ( Fig. 58-75 ). The colpus membrane is granulate-perforate. In all taxa examined, the ectoaperture is bigger than the endoaperture (6.96-18.66 μm vs. 2.93-7.73 μm) ( Table 3) .
The distance between colpi ranged from 22.35±1.31 μm (Table 3 ), in C. koieana, to 37.11±2.09 μm, in C. amadanensis var. amadanensis. The distance between a colpus and the pole was longest for C. aucheri subsp. aucheri (22.27±1.49 μm) and shortest for C. pabotii (13.37±1.02 μm).
The polar diameter ranges from 39.98±1.09 ( On the basis of the exine ornamentation observed under SEM, we categorized the pollen grains into two types: type I, in which there are dense acute spinules on the exine surface, including C. albonitens, C. aucheri subsp. farsistanica, C. aucheri subsp. szowitsii, C. nemecii, C. phlomoides and C. regia subsp. regia (Fig. 3, 12 , 15, 30, 54 and 57); and type II, in which such spinules are sparsely distributed on the exine surface, including C. gabrielae, C. koieana and C. polypodiifolia var. polypodiifolia (Fig. 36, 42 and 45 ). Subapical perforations in the spine base were observed in all of the taxa investigated (Fig. 3, 6 , 9, 12, 15, 18, 21, 24, 27, 30, 33, 36 , 39, 42, 45, 48, 51, 54 and 57).
Discussion
In attempts to solve phylogenetic problems in Centaurea, the first detailed morphological analyses of pollen grains in the genus were made by Wagenitz (1955) and Avetisjan (1964) . Wagenitz (1955) typified Centaurea pollen grains by morphological features, using the following features to group acetolyzed pollen: pollen shape, exine ornamentation, internal and external layers of columellae, length of colpus, pore shape and costae. Serrulata, Crupina and Centaurium pollen types were recognized as the most primitive; Dealbata, Cyanus, and Montana as intermediate; and Scabiosa and Jacea as the most advanced. Here we used some additional features such as the distance between colpi, the distance between a colpus and the pole, perforations/μm 2 and microspines/μm 2 . The pollen grains of 19 of the taxa analyzed in the present study represent Wagenitz's Jacea (Garcia-Jacas et al. 2000) . Avetisjan (1964) divided the Jacea type into six subgroups based on morphological variations in this pollen type. The author also combined the Dealbata, Montana and Cyanus types into one large group, Psephellus. In the Jacea pollen type, the spines are reduced are subprolate spheroidal shape. Wagenitz (1955 Wagenitz ( , 1976 put forward the idea that reduction of the spines and inner columellae, lengthening of the colpus and thickening of the costae are progressive characteristics in the Asteraceae family. In all taxa studied here, the spines are shorter than 1 μm and the colpus are quite long. An operculum found near the aperture is accepted as a progressive evolutionary characteristic (Pehlivan 1994) . Skvarla et al. (1977) and Stix (1960) claimed that subapical perforations in the spine base in Asteraceae are a good taxonomic character for discriminating taxa. Subapical perforations in the spine base were observed in all of the taxa investigated here.
In the present study, pollen characters (pollen shape, exine structure and sculpturing) proved to be useful characters for classification. Further morphological, karyological, palynological and molecular studies will help resolve problems related to the taxonomy of Centaurea. 
